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equipment/modality

A\

)

—High precision
—Accurate 3D geometric model of patient
—Permits accurate modeling of dose-effects

Simulation
(virtual)

Patient positioning (and
tracking)

—Control target and radiation
field overlap

*Radiation

—Treat diseased cells but spare
normal cells
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Why radiation works

» Difference in repair ability
between tumor and healthy cells

» Difference in damage between
tumor and health cells 100% ]

e Healthy tissue tolerance
limits treatment dose  Probabiiity of

Cell Death
* One method is to
geometrically confine
dose to the tumor and

minimize dose to tissues

Protons and’y

Healthy Tissue
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Figure 1: Spread out Bragg peak from & beam pulses.
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— For the same dose within
the target volume
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| dose outsjde the target

80 B excess

I X-rays ;. dose I
deliver | ] [ x-rays

Leksirs; 540 [ protons
dose

20

0 5 10 15 20

DEPTH IN WATER (cm)
Flanz - FFAG 2006



Example: Pediatric Tumors

Retinoblastoma Medulloblastoma

What’s Important here? Range, Coverage ON target.
Flanz - FFAG 2006



The Quest for “Conformity”

which is to say, for a Treatment Center

Not to be the same as the rest
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Improving Methods of Conformation to Target

"Classical” Non-Conformal Photon Radiation Therapy

NN NN Collimator
Treated \_ Target Volume
Volume ’

N\
Organ
at Risk
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to Target
apy (IMRT) (Photons) ?

Intensity Modulation
IMXT
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Beam Delivery

What should a be prepared to do?

Beam Delivery

Accelerator — Transport —* Beam Shaping

“I have an accelerator can you use it for medicine?”
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What to control/measure?
Proton Beam Properties

LUniformity
Transverse

Dose . .
Distribution Field Size

Penumbra]

)

<
Depth Dose _/ Mod

Distribution

Range

i)istal Fall—ofB

Dose, Dose Rate

Flanz - FFAG 2006



Beam Properties

“Depth Dose™
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Figure 1: Spread out Bragg peak from & beam pulses.

Movabl
Wedge

2. Use a degrader
with the appropriate
‘weights’ =

Stationary
Wedge

/

a double wedge system which

Motion of
Wedge

Fig. 18. Schematics of is used to shift the

range of the beam.

3. “Ridge Filter”/>m
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Distal
Fall-off

* ARy, ~1.3 %G

Figure 6.2: Fluence, differential fluence and dose as a function of depth for
proton beams of a given range and different energy spreads, illustrating rp = dag.

Also Range Straggling: AR ~1.2% Range.
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Figure 11.1: Measured Brage peaks from 60 to 231 MeV.
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A Bragg Peals isn t always a Peak!
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Modulating Proton Range

“Range Modulator”

) @.-
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Longitudinal Properties of a

Scattered Beam affected by:

 Beam Energy
 Beam Energy Spread

e Beam Current Time Structure

— Depends upon type of
e Stuff in the Beam

. Stability of

In the range of approximation of Proton
Energies < few hundred MeV, a reasonable
approximation is that the

mean Range ~ ( Incident Kinetic Energy)!-’>

Therefore, AR/R ~1.75 AE,/E, for not quite
relativistic Particles




Transverse Beam Properties

“Uniformity and Penumbra”
and
How to Spread the beam to match the target?
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ond Scatterer

Targe” volume

light opagque
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A) Source Size

B) Distance (SAD)
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gantry
nozzle” - Controls and
can rotate instrumentation
aropnd system
patient
Collimator Scattering
System

©

Accelerator
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Dose Rate:

e Beam Current AT PATIENT

Dose Rate (Gy/min) ® S(MeV/g/cm2) * 1(nA) * 60 / Area (cm2)

* vs. Beam Current from Accelerator,

— Efficiency of Beam Line, Scattering from Stuff
in Beam - Efficiency of Delivery System
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“Pencil* Beam Scanning

- Raster Scanning
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How, physically, to scan...
Two 1s not always better than one!
S LBL | GSI

Yy R ﬁ Anferov
: ... 5 ' ‘_—.. - p—

* Equal SADs
» Saves Space

* Maybe more useful in
existing systems

i without specific optics
for two magnets.

f T
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Scanning by Layers

= - A A R %S B
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Modeling and System Specifications for an Integrated 3-D
Proton Treatment Delivery System*
Johin W, Staples and Bernhard A, Ludewigt
Lawrence Berkeley Laboratory
1 Cyclotron Road, Berkeley, California 94720

volume while maximizing the lateral and distal falloffs, We

tum-around points, The accelerator and beam
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Figure 2. Dose, Occupation Function

We have simulated a raster scanner scanner system in

which each layer of 1 i
- shown in Figure 3 target volume is transversely scanned as

The idealized dase dicribuminn e . re

Th:_ wswuepul velocity g
e pixel
- The raster patl‘:: is m::.senfodd?"
ol keeping the ratio of the horizonta)
= and vertical sweep velocities con.
—  stanl This pauem requires the
L smallest slew rate 10 cover the
il dose area, The maximum slew
= rate requirement of the scanp
2 is specified at 10 timeg
the average, with no lower limit g
provide high dose capability o
selected pixels, particularly at the
cdges.
" For simulation of the raster scan the density function
is duﬁn'ed aﬁmg the zig-zag scan lines only and gdeunniu};
by an I dure as described above, The lincar
sweep velocity is the inverse of the occupation function F foe
Tnchmelon the sean line. The calculations were done on
mm transverse with a § i
About 20 iterati ‘-": ¥ f::?‘ ::gimdn::{ g

Figure 3.

Figure 4. Bragg Peak Density Function F
Figure 4 shows the optimized Bragg peak density func:

tion on a plane perpendicular to the scan plane and through
the central axis of the radiation field,

IV. SENSITIVITY TO FLUCTUATIONS

The goal of this study is 1o evaluate the dose distribv-
tion subject to imperfections in the cranned haaem coch 5

The 200-MeV proton therapy project at the Paul Scherrer Institute:
Conceptual design and practical realization

Eros Pedroni, Reinhard Bacher,” Hans Blattmann, Terence Bhringer, Adolf Coray,
Antony Lomax, Shixiong Lin, Gudrun Munkel, Stefan Scheib, Uwe Schneider, and

Alexander Tourovs!
Dy of Radiarion Medicine, Paul Scherrer Institute, C.‘:"JZJZ Villigen PSI, Switzerland
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N if, i " Fici. 7. Typical experimental result obtained in the beam period of summer
o on uniform intensit _pml’lle phod or eiletied () e 1 (symbols)
Gauss wilith: ¢ = 10 Bragg-peak (SOBF) dose distributions. The vertical lines represent the rela-
1.0k P —— 4 tive dosage applied (o cach spot as a function of the number of range-shifter
plates inserted in the beam displayed at the comesponding Bragg peak po-
8 sitions. A separate report on these experiments is in preparation (Ref. 23).
H 0Bk ]
£ osf J
g The dose application system was stecred according to a
£ oaf ] quence of ds to produce & complex shaped target
‘ , volume in water (only the “active” system was used here).
0.2k ;"\."ﬁl\ 3 Figure 7 shows as an ple the comp: b mea-
ﬁ‘,#&ﬁ"!_‘\ sured and calculated dose profiles for a spread-out Bragg
0.0 COLSRON N, peak in water. A detailed report on the experimental work
® g 100 200 performed in the horizontal beam line in 1992 is in prepara-
tion.
At the end of September 1992 the experimental ap
Dose fall-off comEarison was pletely 4 from the hori | beam line in
4 the proton therapy room and the activities for the installation
Lof Pure Gauss .- - of the compact PSI gantry were started.
. Oplimized 3
& g.8f ---—--- Uniform profile
S IV. THE PSI COMPACT GANTRY
5" 0.6 A. The gantry layout
é 0.4 Figure & shows |hc layout of the PSI gantry. The compact
gantry has been designed lusively for the spot g
0.2 techinique in order to achieve a very compact rotating struc-
ture. The PSI gantry spans a diameter of only 4 m, which is
Mu " - " determined solely by the space occupied by the 90° bending
10 2 30 40 : . . 2
(e Position (arbitrary unils) shagnet, by the noedle (with modiliox and tange. shifter £y3

tem), and by the patient table. No drift space is used between
bending magnet and patient.

Fig. 6. (a) Dose profile created through the superp of uniformly
closely spaced ians | " case). (b) “Op

for a discrete scanned beam. More dose Is deposited at the edge of the field,
still maintaining a ble b ol the interior of the field. (c)
Comparizon of the fallofT of the original Gaussian used in the superposition
with the “optimized” field and with the “collimatoe™ case.

The ing devices will be mounted on the gantry ex-
actly as for the b | setup (the £ of Fig. 4).
The sweeper magnet will be mounted in front of the 90°
bending magnet. The only difference with the horizontal
setup is the replacement of the straight vacuum beam pipe
between sweeper and monitor system with the curved

Penumbra given by Beam Sigma Directly + Scattering in Patient.
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lime to deliver the beam:
Equipment Comfort

e Time to move the beam

Time to change Energies

— Accelerator ?
— Other Methods?

Time to turn beam on/off

— Accelerator? / Source?

Time to read instrumentation

Flanz - FFAG 2006



Beam Characteristics and Tolerances
for IMPT Beam Delivery

Flanz - FFAG 2006
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Intensity -- dynamic range

Treatment planning study:

TPS beam weights were discretized (averaged) into 10-100 levels.
Doses recalculated, compared to the original plan

10 20 30 40 50 60 70 80 -0.4 -0.2 0 0.2 0.4

Dose [CGE] Dose difference [CGE]
original plan dose difference for 50 levels

Flanz - FFAG 2006 Alex Trofimov



o T yem O
dose difference due t

Estimate the effect on the dose  “—
distribution using realistic IMPT
beam fluence maps
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The distribution of point dose discrepancies is shown for
the beam c = 5 mm, fluctuation RMS = 0.25 mm
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IMPT Characteristics affected by:

Dose Dynamic Range - 50:1
« Beam size choice and stability

» (@Gradient — Current change speed + Scan Acceleration (depends upon

scan speed e.g. 30Hz @ 40cm
— ~1/2 sigma = 2.5mm ==> 100 usec

* For a single scan, to keep the dose within 5% of
prescription,

— fluctuation in beam position should be less than 1
nominal beam size (e.g. 0.5mm for Smm);
— beam intensity 5-10%

— and size fluctuations should be < 5%
Smm)

 The effect on dose 1s reduced if tre
“paintings” (scales as 1/sqrt(N

* With energy layer scannin
cancellation of contributi

Flanz - FFAG 2006




MGH - BPTC Specifications

Facility Specifications

_linical Specifications

Range In Patient 32 o/cm2 Maximum Time for Startup from < 30min
3.5 g/cm2 Minimum ptandby )
Range Modulation Steps of < 0.5g/cm2 Time for Startup from < 2hours
cold system !
xange Adjustment Steps of < 0.1g/cm2 Time for Shutdown to | < 10min
Standby i
\verage Dose Rate | 25¢cmx25c¢cm modulated Time for Manual Setup | < Imin
to depth of 32 g/cm?. B s
Dose of 2Gy in < 1min ]
spill Structure Scanning Ready Time for Automatic < 0.5min
Setup in one room i
‘ield Sie Fixed > 40x40cm Availability > 059
Gantry > 40x30cm
dose Uniformity 2.5%, Dosimeter 1.5% (day)
Reproducibility

3.0% (week)

iffective SAD

> 2 5 meters

Time to switch Rooms

< 1min

Jistal Dose Falloff | < (.1g/cm2 Time to Switch Energy | < 2 gec
in one Room
.ateral Penumbra < 2mm Radiation Levels ALARA

Time Dependence, Speed of Current Change (Scan Speed)

Flanz - FFAG 2006




What does the ‘Target’ look like?

Flanz - FFAG 2006



What does the: Targer ook like?

Flanz - FFAG 2006 MGH: Chen et. al.



What to do about Target Motion

> Target Motion - What can we do about it?
> What kind of scanning is best?

40‘--‘---- ’_

e Time of motion?

— Is a 200msec window fast enough for locating a target’s edges?

— Is motion reproducible wrt respiration or body motion, or

thing?
something Ultimate Tracking
< >
— < :
< 7
v
< >
< o ( A
< @ > \/
am» | & >

Flanz - FFAG 2006
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Respiratory Gating

Irradiation System using

spot
PSD

T IET TIRITTREICEI PR |
)

3 T )
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Accelerators - Cyclotrons,
Synchrotrons. and Others

50 1949 - 2001

L/
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Cyclotrons, cone Wil
Action Figuresy

TR
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Breath /\_/

[ ] [ ] [ ]
Variable Cycle Synchrotro[n—l—‘ T ]

Beam Available

Fixed Cycle Synchrotron
Beam Available

CW Cyclotron

Beam Available

<+—r <+—> <+—>

Okay to
Deliver
Beam

Comparison of Beam Utilization for Treatment
Requiring Synchronization
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~ Gating  Targeting
Describe eg Organ M

otion Spot

) Good Good Good

10's
msec? Okay Good Good

Seconds Slower Okay Good

Flanz - FFAG 2006

Beam?

Raster Instrumentation

Good Good

If time << Spot
Size (200 usec) 77?7

Marginal (depends
on IM and Pulse
length) Okay



What to Consider during the Delivery of Treatment

4 N
|
control v control
beam radiation
direction
oy
patient | (T :
*Consmer
patient motion
\__/
7Y - %
*Consider
organ motion
X =——— All these activities need to be done
monitor all on a real-time basis, throughout
L parameters treatment )

Flanz - FFAG 2006
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Summary: Some of What the accelerator has. to do.

General Beam Requirements

Safety (Dose Rate, Prevent Overdose - Turn off Beam (~100 us)
Patient Comfort - Irradiation < 1-2 minutes

Beam Requirements (for specific clinical cases) (see previous slide for others)

Range ~32 cm (wet); Beam Energy ~ 230 MeV - 7?? MeV Depends upon mode
Beam Energy Spread ~ <1%

Beam Current Time Structure/Modulation

Depends upon type of modulator (Passive Scattering)

Depends upon Scan Technique (Spot/Raster)

Beam Size - For Scanning 3mm - Smm Depending upon religion (Sharp Edges)
Dose Dynamic Range (Beam Current + Scan Speed) 50:1

Gradient — Current change speed + Scan Acceleration (100 us or .5 sigma??)

Stability Parameters of all the above (e.g. for a Smm sigma)

Depends upon Repainting, Scan or Modulation Pattern
Beam Size ~ + 0.25mm (single painting)

Beam Position ~ + 0.5mm (single painting)

Ability to Repaint to mitigate errors [ | Time for a layer 2min/(5-10 repaintings)

Time to switch Energy, (< 1sec?)

For a specific
Clinical Site !
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* Throughput
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An Assortment of Accelerators

Cyclotrons
— Will Compact Cyclotron Work?
— Superconducting vs. Room Temperature?

* Synchrotrons with Injectors

— Can they be used for scanning?
e Slow, Uniform, Controlled, Extraction?

— Beam Gating?
— Dose Rate ?

FFAG

— What are the beam properties (including time parameters)?
— What is the cost and size?

o Others
— Dielectric Wall
— Laser Acceleration
— Linacs
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